Recently, we have identified and purified the integrated and proviral DNA sequences specific for two endogenous rat type C leukaemia helper viruses: WR-RaLV which originated from a fibrosarcoma induced in a feral rat and RHHV from the cell line HTC-H1 which originated from a Buffalo rat hepatoma. The rat leukaemia helper virus DNA sequences have previously been shown to be 8.4 to 8-8 kilobases (kb) in size. In this communication, we report the molecular cloning of the 8.8 kb DNA of RHHV by ligation at the BamHI site of the vector pBR322, cultured in an Escherichia coli RR1 host. After screening 5750 clones for ampiciUin resistance and tetracycline sensitivity and testing by colony hybridization using 32p-labelled RHHV cDNA, four clones were isolated, two of which carried the total 8-8 kb DNA. A detailed restriction endonuclease map of the cloned RHHV DNA was deduced by sequential digestions of either 3'-or 5'-labeUed DNA. Of the 14 restriction enzymes tested, EcoRI, BamHI, PstI, KpnI, TaqI, PvuII and Sinai gave informative cleavage patterns. At least two copies of long terminal repeated sequences (LTR) flanking the 3' and 5' termini of the proviral DNA were identified by TaqI and PstI cleavages. LTR in the rat endogenous leukaemia helper virus DNA measured 780 + 20 nucleotides in length. The genetic information encoded by the cloned DNA was also analysed by hybridization selection of RHHV mRNA, which was then used in cell-free protein synthesis in a rabbit reticulocyte lysate system. Essentially all major RaLV-specific proteins precipitable by anti-RaLV serum were synthesized in vitro, confirming that the RHHV genomic DNA was successfully cloned with little fidelity loss or scrambling of the genetic information.
INTRODUCTION
It has been proposed that murine type C leukaemia helper viruses (MuLV), generally of low pathogenicity, when recombined with a subset of host cellular nucleotide sequences (src gene) give rise to competent oncogenic viruses (Stehelin et al., 1976; Spector et al., 1978; Scolnick et al., 1973) . The laboratory isolates of rat RNA tumour viruses with transforming activity, such as Harvey sarcoma virus (H-MuSV) and Kirsten sarcoma virus (K-MuSV), have been considered to be such recombinants based on their homology with the oligonucleotide distribution patterns of rat cellular 30S RNA and MuLV genomic RNA (Shih et al., 1978) . Moreover, the requirement for a replication-competent rat leukaemia helper virus was obligatory for the multiplication of the rat sarcoma virus which itself was generally considered replication-defective. Recently, we reported on the common immunological and biochemical characteristics of two, strictly rat-tropic, leukaemia helper viruses, namely rat hepatoma-derived helper virus (RHHV) (Yang & Ting, 1978; Yang et al., 1978) and wild rat leukaemia virus (WR-RaLV) (Yang et al., 1980) . These were considered to be endogenous to the rat since they were released from chemically induced tumours.
RHHV was originally isolated from the Morris rat hepatoma (line HTC-H 1, induced by N,N-2,7-fluorenylene-bis-2,2,2-trifluoroacetamide and adapted to tissue culture) in a genome rescue s. s. YANG AND OTHERS experiment (Yang et al., 1976) but not all hepatoma tissue culture cell lines released type C RNA tumour viruses. WR-RaLV was isolated from a 3-methylcholanthrene-induced fibrosarcoma of a feral rat (Rasheed et al., 1978) . Upon recombination with the src sequences, cell transformation capability was demonstrated in fibroblasts (Yang et al., 1976 (Yang et al., , 1978 Rasheed et al., 1978) . By terminal dilution, an RHHV-infected Fisher rat embryonic cell culture that replicated primarily the helper virus was obtained. Analyses of the genomic complexity of these endogenous rat leukaemia helper viruses would no doubt provide further evidence concerning the 'helper' sequence and its functional relationship to the src sequences in the evolution of a transforming rat C-type virus.
Relatively little is known of the genomic organization of the endogenous rat leukaemia helper virus DNA although extensive and comprehensive analyses of the structural and functional organizations of both H-MuSV and K-MuSV have been documented (Shih et al., 1978; Goldfarb & Weinberg, 1979; Wei et al., 1980) . Heteroduplex analysis localized a 2.19 kilobase (kb) fragment at the 3' terminus of the H-MuSV genomic DNA, which shared homology with the Moloney MuLV DNA (Shih et al., 1978; Chien et al., 1979; Goldfarb & Weinberg, 1979; Chang et al., 1980) . Recently, both the integrated and the proviral DNA sequences of RHHV and WRRaLV were isolated and purified using a combination of chemical extractions, CsCI isopycnic gradient centrifugation and high-pressure liquid chromatography. We have identified the DNA sequences specific to both RHHV and WR-RaLV as 8.4 to 8-8 kilobases in length (Yang et al., 1980) . Among the endogenous ecotropic murine leukaemia helper viruses of the AKR and Moloney types, genomic DNA also showed a size larger than that of the murine sarcoma viruses; it varied from 8-2 to 8.8 kilobases (Steffe & Weinberg, 1978; Shields et al., 1979) .
In this communication, we report the molecular cloning of the 8.8 kb DNA of the rat leukaemia helper virus, RHHV, via the pBR322 plasmid vector in Escherichia coli RR1 and a detailed analysis of the structure of the cloned DNA by restriction enzyme mapping.
The expression of the genetic information encoded by the molecularly cloned DNA fragments was analysed by hybridization selection of RHHV mRNAs, which were then used for cell-free protein synthesis in a rabbit reticulocyte lysate system.
METHODS
Preparation ofprovirat DNA and eDNA. Fisher embryonic cells (FREC), transformed by K-MuSV(RHHV) and replicating predominantly the rat helper leukaemia virus (RHHV) at a 10 : 1 ratio (Yang et al., 1980) , were superinfected by the virus. Forty h post-infection, the proviral DNA was extracted from the cells according to Hirt (1967) . The RHHV proviral DNA (8-8 kb) was then identified by Southern blot transfer hybridization to 32p. labelted eDNA (¥ang et al., 1980) and then used for molecular cloning.
RHHV cultured in transformed FREC was concentrated and purified from 20 litres of tissue culture medium by ammonium sulphate precipitation and three successive bandings in sucrose gradients, eDNA was synthesized by the endogenous reverse transcriptase reaction described previously (Yang et al., 1976) , using all four deoxynucleoside triphosphates 32p-labelled (Amersham; 3000 to 3500 Ci/mmol). The 32p-labelled eDNA was further purified by chemical extractions and sulphopropyl-Sephadex column chromatography; it was then heated (Yang & Wivel, 1979) prior to its use in Southern blot filter hybridization.
Molecular cloning. The EKl-certified vector pBR322 was utilized for molecular cloning of the RHHV 8.8 kb DNA under the conditions prescribed in the revised National Institutes of Health Guidelines for Recombinant DNA Research. All ligation reactions, propagation of the recombinant plasmid and DNA isolation were carried out under P2 containment conditions. RHHV provirus DNA, isolated and purified from the Hirt supernatant (Hirt, 1967) of K-MuSV(RHHV)/FREC described above, was partially digested with BamHI for 15 min. The BamHI-digested proviral DNA was first analysed by agarose gel (0-9~) electrophoresis. The 8.8 kb linearized proviral DNA was extracted from the gel and used in a ligation reaction with previously prepared BamHI-digested pBR322 DNA at 5 °C for 20 h. The ligated products were verified by electrophoresis in 0.9~ agarose gel prior to the use of the ligated DNA for transformation of calcium-shocked E. coil RR1 cells. Cell transformation was carried out as described by Curtiss et al. (1977) . The transformed cells were first plated on L-broth agar supplemented with ampicillin. Resistant clones, that survived after 24 h of growth at 37 °C, were then screened for tetracycline sensitivity since the BamHI site is situated at the tetracycline resistance locus. AmpiciUin-resistant, tetracycline-sensitive clones were then cultured on a nitrocellulose filter for colony hybridization (Grunstein & Hogness, 1975) with RHHV 3ap-labelled cDNA. Ampicillin-resistant, tetracycline-sensitive clones that demonstrated positive hybridization with the RHHV 32p-labelled cDNA were then subjected to detailed restriction endonuclease analyses of their recombinant plasmid DNA.
Preparation of cloned DATA. DNA was prepared from the 8/32 recombinant clone as described previously (Hager et al., 1979) . Fragments of RHHV DNA were further purified by excision from pBR322 DNA with either EcoRI or BamHI digestion, followed by electrophoresis of the DNA in 0-85 % low-melting agarose gels (Bio-Rad). The desired DNA was then located by ethidium bromide staining and recovered by the borosilicate adsorption technique. The DNA was eluted from the borosilicate powder with sterile distilled water and adjusted to 0.01 MTris-HCl, 0.15 t,l-NaCl and 0.001 M-EDTA, pH 8-1 (TEN), to be either endqabeUed or nick-translated.
Hybridization reactions, end labelling and nick translation of DNA. Approximately 35 ktg of DNA per sample was subjected to agarose gel electrophoresis. Southern blot-nitrocellulose filter hybridization was then carried out as reported elsewhere (Yang et al., 1980; Southern, 1975) using 2 x 106 ct/min 32p-labelled cDNA per filter in Denhardt's solution (Steffe & Weinberg, 1978) . Liquid hybridization was carried out in a 50 ~tl vol. as described previously (Yang & Wivel, 1979) using approx. 50000 ct/min per reaction mixture.
End labelling of 3' and 5' termini of the DNA was carried out in accordance with the method of Maxam & Gilbert (1980) . The 3' termini of the digested DNA fragments were labelled by the T4 DNA polymerase ('maxi' form; Bethesda Research Laboratories) reaction, with only [3zp]dATP and [32p]TTP, at the staggered end of the EcoRI-digested site. The 5' ends of the recombinant DNA, generated by limited digestion with EcoRI, were labelled by the polynucleotide kinase reverse reaction, using [~-32p]ATP at extremely high specific activity (Amersham; 5700 Ci/mmol).
Nick translation of DNA fragments was carried out by the method described by Rigby et al. (1977) using all four 3zp-labelled deoxynucleoside triphosphates (Amersham) with specific activities ranging from 3000 to 3500 Ci/mmol. Reaction of DNase I (Bethesda Research Laboratories) at approx. 0.1 ng per 20 Ixg of DNA, was limited to 5 rain only. Generally, 10 s ct/min per Ixg of DNA was obtained.
Restriction enzyme assays. All restriction enzymes were purchased from Boehringer-Mannheim, Bethesda Research Laboratories or New England Biolabs. Unless otherwise specified, all digestion conditions were according to the instructions provided by the suppliers.
Hybridization selection and cell-free translation of RHHV mRNA. Approximately 20 ktg of BamHI-digested recombinant DNA was analysed by 0.9% agarose gel electrophoresis. The DNA gel was lightly stained with ethidium bromide prior to alkali denaturation and Southern blot transfer on to nitrocellulose filters. Discrete bands visualized by u.v. illumination with a Chromatovue transilluminator (model C-63B) were identified and excised after baking at 80 °C for 2 h. The minute DNA-impregnated nitrocellulose membranes were then used to hybridize to RHHV mRNA previously isolated from RHHV-replicating cells as described below. The DNA-RNA hybridization was carried out in 5 x SSC, supplemented with tRNA (10 p.g/ml) in dextran sulphate, at 68 °C for 16 h. After exhaustive washings, the filter-bound mRNA was eluted with sterile distilled water at 85 °C (Ricciardi et al., 1979) . The hybridization-selected mRNA was then used for cell-free translation in a 25 ktl mRNA-dependent rabbit reticulocyte lysate system using [3sS]methionine (New England Nuclear; 500 Ci/mmol) as label. The cell-free translation products were immunoprecipitated with 5 gl of a 1:10 dilution of anti-RaLV serum (Office of Program Resources and Logistics, National Cancer Institute; 3S-365) coupled with 2 ~tg Staphylococcus aureus protein A (Pharmacia). After exhaustive washings, 35S-labelled immunoprecipitates were analysed by 15~ polyacrylamide gel electrophoresis followed by fiuorography (Yang et al., 1978) .
Messenger RNAs were isolated and purified from K-MuSV(RHHV)/FREC by gentle homogenization (10 strokes) at 4 °C in TEN buffer containing 0-05% SDS and 0.8 M-sucrose, followed by extractions with phenolcresol/chloroform/ether and ethanol-NaC1 precipitation as described elsewhere (Wall et al., 1977) . Poly(A+) -RNA was then recovered from the total RNA by two cycles of annealing to, and elution from, an oligo(dT)-cellulose column. This poly(A÷)-RNA was then used for hybridization with restricted DNA fragments either on nitrocellulose membranes or in a liquid hybridization system.
RESULTS

Identification of positive clones transformed by the ligated DNA
E. coli RR1 cells that were transformed by the hybrid pBR322/8-8 kb DNA and ligated at the BamHI site were first selected by their ampicillin resistance and tetracycline sensitivity characteristics. Out of approx. 5750 ampicillin-resistant clones, 38 were persistently sensitive to tetracycline. Four out of the 38 ampicillin-resistant, tetracycline-sensitive clones showed strongly positive colony hybridization when tested against the RHHV 32p-labelled cDNA probe (Fig.  I a) . Purified recombinant DNA of these clones when separated by agarose gel electrophoresis, blot-transferred onto a nitrocellulose filter and hybridized against either nick-translated RHHV DNA or pBR322 DNA under stringent conditions, showed strong hybridization with either one of the probes (Fig. 1 b) . Lanes 1 and 2 represent recombinant DNA preparations from two different clones, 8/32 and 6/27 respectively. Recombinant DNA shown in the middle band was generally considered to be composed of open and linear (lin) molecules whereas recombinant DNA shown in the bottom band was usually considered to be composed of circular and supercoiled molecules (cp). High molecular weight DNA with cellular DNA contaminants (hmw) was shown on the very top of the gel, which trapped considerable amounts of recombinant DNA. Essentially no difference was observed in these particular preparations although frequently some of the preparations showed a higher degree of purity by lacking the high molecular weight cellular DNA band at the top of the agarose. Both the circular and linear recombinant D N A bands were cut out of the low-melting agarose gel and purified as described in Methods for restriction endonuclease analysis. Of the four clones shown in Fig. 1 (a) , two showed a pattern of restricted DNA fragments which suggested successful molecular cloning of the total (8.8 kb) D N A of RHHV; others showed cloning of RHHV subgenomic D N A fragments. As shown in Fig. 2(a) , lane 2, BamHI digestion for a short time (30 min) opened the circular form of the recombinant pBR322/RHHV DNA to give 13.2 kb, 8-8 kb, 5.8 to 6.2 kb and 4-3 kb bands. Two h of digestion by BamHI increased the concentration of the 8.8 kb and 4.3 kb bands as a result of cleavage at the ligation sites, which bore the BamHI specificity (Fig. 2a, lane 3) . The 'cir' band was considered to contain the supercoiled form for recombinant pBR322/RHHV D N A since DNA within this band, extracted and recovered from several agarose gels and subjected to digestion by BamHI, generated the linear 8.8 kb, 5.8 to 6.2 kb and 4.3 kb bands and a 2-95 to 3.20 kb band (Fig. 2b) . Recombinant D N A of one of these clones, 8/32, was subjected to detailed restriction endonuclease analysis. A restriction endonuclease map of the cloned RHHV DNA in this particular isolate is presented below.
Y Terminus of the cloned rat C-type helper virus R H H V 8"8 kb DNA
The orientation of the 3' terminus of the RHHV 8-8 kb D N A was examined by determining the greatest degree of hybridization of the various restricted fragments to poly(A+)-mRNA of RHHV. The CsC1 isopycnic gradient-purified recombinant pBR322/RHHV D N A was first linearized by short-term EcoRI digestion. The 3' termini of the digested D N A fragments were labelled with 32p at the digested sites as described in Methods. The 3'-32p-labelled 8.8 kb D N A fragments were then subjected to a second EcoRI digestion to generate 3'-labelled 2.65 kb and 6.2 kb fragments prior to hybridization with RHHV-specific poly(A+)-mRNA in either a competitive or non-competitive reaction. Fig. 3 shows the 32p-labelled D N A fragments gener- and 120 min (lane 3). In (b) the circular (cir) DNA was recovered from the agarose gel and digested for a second time at 37 °C for 120 min. Recovery of DNA fragments from the agarose gel was carried out by the borosilicate adsorption technique as described in Methods. Mol. wt. markers, HindlII-digested lambda DNA fragments, are indicated. Fig. 3 . Identification of the 3' terminus of the cloned RHHV DNA by DNA-RNA hybridization. RHHV-specific poly(A+)-mRNA of 7S to 12S was hybridized to the 2-65 kb fragment alone in (a) and (c), and to 6.2 kb and 2-65 kb fragments competitively in (b). All fragments were generated by shortterm digestion with EcoRI. Digestion with S1 nuclease was carried out in (a) and (b) after hybridization. Mol. wt. markers, HindlII-digested lambda DNA fragments, are indicated.
ated by EcoRI digestion that were hybridized to the poly(A+)-mRNA specific of R H H V with (Fig. 3a, b) or without (Fig. 3c ) S1 nuclease digestion at the end of the hybridization reaction. The fragment which hybridized most strongly to the virus poly(A) end of the m R N A was found to be the 2-65 kb fragment. S1 nuclease digestion post-hybridization (Fig. 3 a, b ) resulted in some loss of the radioactivity but cleared the background and amplified the 2-65 kb fragment when compared with the hybridization wffhout SI nuclease digestion (Fig. 3 c) . TI~e 6.7 kb fragment did not compete well against the 2.65 to 2.85 kb fragment when hybridized competitively with the R H H V poly(A÷)-mRNA and was mostly solubilized by SI nuclease digestion (Fig. 3 b) . In a separate experiment, the bands were recovered from the 2.65 to 2-85 kb and the 6.0 to 6.2 kb areas after the competitive hybridization samples had been analysed by agarose gel electrophoresis. When their radioactivities were then determined, over 9 0~ of the total counts was concentrated within the 2.65 to 2.85 kb band and much less than 1 0~ of the counts remained within the 6-0 to 6.2 kb band. A control 8.8 kb band retained I 0 0~ of the counts. From these observations, the 2-65 kb fragment probably represents the 3' end of the virus m R N A (Fig. 7) .
Sequential restriction enzyme analysis of the 5'-labelled, cloned R H H V 8.8 kb DNA
In order to define more specifically the restriction endonuclease sites with respect to the 5' end, we chose to label the 5' end of the recombinant D N A after limited digestion with EcoRI as described in Methods (Fig. 4a) . It may be mentioned that the EcoRI site at map unit 0 is affected in such a way by the BamHI site immediately adjacent to it that it is the preferred target of EcoRI in a limited (15 min) partial digestion which generates the 8-8 kb R H H V DNA. It may be emphasized that the closeness of the two sites eliminates the possibility of any size difference between an EcoRI-generated 8.8 kb and a BamHI-generated 8.8 kb fragment in an agarose gel electrophoretic analysis. The 5'-V-32p-labelled 8.8 kb fragment separated by agarose gel electrophoresis was then extracted and purified for a second EcoRI digestion. This resulted in the appearance of a 5'-labelled 6.2 kb fragment and a faintly labelled 2.65 kb fragment (Fig. 4a) . Since the 2.65 kb fragment was oriented at the T-OH end, this observation placed the two EcoRI sites in the cloned RHHV D N A at point 0 and 0-68 mass units distal from the 5'-PO4 end of the 8.8 kb D N A (Fig. 7) .
Secondary digestion with KpnI of the isolated 5'-labelled D N A fragment resulted in cleavage of the 6-2 kb fragment to labelled 5.0 and 3.6 kb fragments (Fig. 4c, d ). The two KpnI sites could then be assigned to positions 3-6 kb and 5.0 kb proximal to the 5' end (Fig. 7) . The labelled 2-65 kb fragment generated by EcoRI digestion from the 8.8 kb D N A was not affected by KpnI endonuclease (Fig. 4e) . It should be noted that, as a negative control, the supercoiled form of pBR322 DNA was treated with KpnI endonuclease simultaneously in the same experiment. As shown in Fig. 4 (g) no digestion was obtained since there is no KpnI-specific site on pBR322 DNA.
The EcoRI-generated 6.2 kb fragment, together with the 5-0 kb and 3.6 kb fragments generated by double digestions with EcoRI and KpnI, all 32p-labelled at the 5' terminus, were further cleaved by PstI endonuclease. PstI digestion of the 6.2 kb fragment was only partial as shown in Fig. 5(b) ; 4.25 kb and 3.0 kb fragments were generated. Likewise, the 5-0 kb and 3-6 kb fragments were further cleaved by PstI digestion into radioactive 4.25 kb (Fig. 5c ) and 3-0 kb (Fig. 5d) bands respectively, releasing unlabelled 1.0 kb and 0-6 kb bands. This placed the two PstI sites inside the 5.0 kb fragment, with one between the KpnI sites and the other 3.0 kb proximal to the 5' terminus (Fig. 7) . PstI cleaved circular pBR322 D N A at a single site, and, as shown in Fig. 5 (e,f) , all of the circular form was cleaved and appeared as a homogeneous linear configuration after PstI digestion in the same experiment.
Digestion of the 6-2 kb fragment with TaqI revealed the existence of one TaqI site 0.78 to 0.80 kb proximal to the 5' terminus and adjacent to the PstI site (Fig. 7) .
Sequential restriction enzyme analysis of the 2.65 kb fragment labelled at one terminus
The 2.65 kb fragment labelled at the 5' terminus of the negative strand and isolated from the 8-8 kb fragment by a second EcoRI digestion was not digested by KpnI, SalI, and HindlII. It was cleaved by TaqI endonuclease into strongly labelled 0.45 kb, 1.75 kb and 1-85 to 1.90 kb fragments (Fig. 6a, b) , releasing unlabelled 1.4 kb fragment in an incomplete digestion. Thus, three TaqI sites were assigned to the 2-65 kb fragment as shown in Fig. 7 . Confirmation of these (Fig. 6c) . This result substantiated the assignment of one TaqI site 0.8 kb proximal to the 3' terminus of the 2.65 kb fragment, since this served to explain the appearance of an unlabelled 1.4 kb fragment as the result of two TaqI cuts at 0-45 kb near the 5' terminus and at 0.78 to 0.80 kb near the 3' terminus.
Further confirmation was obtained by PvulI endonuclease analysis of terminally labelled 2-65 kb fragment. TaqI incises between the thymine and cytosine of the tetranucleotide T C G A whereas PvulI recognizes guanine and cytosine of the hexanucleotide C A G C T G . In other words, TaqI recognizes a tetranucleotide present within the PvulI site, but which reads in the opposite direction. Where there is a PvulI site a TaqI site most likely exists, although the converse may not hold true. PvulI cut the 2.65 kb fragment (Fig. 6d) into a 1-9 to 2.0 kb, 0.78 to 0.80 kb and a minor 0-54 kb fragments in an incomplete digestion (Fig. 6 d) (Fig. 6e) , suggesting that the 0.54 kb and 0.19 to 0.20 kb fragments shared the same terminus as the 1.9 to 2.0 kb fragment (Fig. 7) . This was confirmed by extensive digestion of the 0.78 to 0-8 kb fragment, recovered from the gel, by PvulI or TaqI endonuclease; no further breakdown product was observed (Fig. 6g, h ). Sinai endonuclease also digested the 2.65 kb fragment into 1-9 to 2-0 kb, 1.5 to 1.6 kb, 0.82 kb, 0.54 to 0-59 kb and a faint 0.28 to 0.30 kb fragments, in an incomplete digestion as shown in Fig. 6(i, j) .
The same 3'-32p-labelled 2.65 kb fragment was also digested by PstI endonuclease at one site, releasing a radioactive 0.78 to 0.80 kb fragment at the 3' end and a 1.9 + 0.1 kb fragment (Fig.  6 k) . Since the last three nucleotides in the PstI specificity, CTGCAG, are the same as the first three nucleotides within the PvulI recognition site, CAGCTG, the PstI site most probably coincided with the PvulI site proximal to the 3' terminus of the 2.65 kb fragment (Fig. 7) .
Existence of long terminal repeating sequences (LTR) at the 3' and 5" termini of the RHHV 8.8 kb DNA
As described above, the 3' terminus was clearly marked by a 0.78 to 0.80 kb fragment cleaved by TaqI, PvulI-and Psti restriction endonucleases. Measurement of the radioactivity among the bands generated by PvulI digestion snowed approximately twice as much to be in the 0.78 to 0.80 kb fragment than was in the combined radioactivity of the 2.0 kb, 0.54 kb and 0.19 to 0.20 kb fragments. This suggested a possible repeat of the 0.78 to 0-80 kb sequences. Likewise, at the 5' terminus, two coinciding clustered sites specific of TaqI and PvulI endonucleases were found at 0.78 to 0.80 kb proximal to the 5' end of the RHHV DNA (Fig. 7) . The two clusters were separated by about 7.0 to 7.2 kb within the RHHV proviral DNA. In view of these observations, sequences resembling LTR most probably existed within the 600 to 800 base pairs (bp) at both the 3' and 5' termini. We are currently sequencing this particular 0-6 to 0.8 kb fragment to ascertain the presence of LTRs.
Cell-free translations of RHHV-specific mRNA selected by hybridization to the restricted DNA fragments Although the size of the recombinant DNA insert implies that the total RHHV genomic DNA was successfully cloned, we decided to verify this by selective hybridization of the RHHV mRNA with the cloned 8-8 kb DNA, and to examine the proteins synthesized in a rabbit reticulocyte lysate system. Recombinant DNA, blot-transferred on to a nitrocellulose membrane, total (Fig. 8a, lane 1) or digested as shown at the 8.8 kb location (Fig. 8a, lane 4) was cut out for hybridization selection of RHHV-specific mRNA as described in Methods. The mRNA eluted from the filter at the end of 48 h of hybridization was used in cell-free translation using [35S]methionine as label. Fig. 8 (b) , lane 1 shows that essentially no rat leukaemia helper virus- (Shih et al., 1978) and P30. Also present in both samples were other low molecular weight proteins P50, P45 and P 12. These represented rat C-type virus-specific proteins that are readily identified in virus-infected cells and as cell-free translation products directed in vitro by virus m R N A , as reported earlier (Shih et al., 1978; Young et al., 1981 ; Yang & Ting, 1978; Yang et al., 1978) . It should be made clear that cell-free translation of murine type C virus m R N A generally yielded primarily polyproteins P180-200, P120, P85, some P70 and P30 and other low molecular weight proteins. It has been, s. s. YANG AND OTHERS however, considered elsewhere (Papkoffet al., 1980) that the P30 and the low molecular weight proteins were probably the result of early termination of the polypeptide chain when immunoprecipitated by antiviral-specific serum. Furthermore, in the same report, the P15 observed in cell-free virus mRNA-dependent translation appeared to be unrelated to products of the gag and env genes. Therefore, identification of the low molecular weight proteins precipitated by antiserum against Tween-ether-lysed rat leukaemia helper virus in the present study awaits further study. It might be concluded that the molecularly cloned 8-8 kb DNA conserved the full genome of the RHHV with little loss of virus genetic information. It may also be argued that the mRNA selected by LTR sequence alone coded successfully for cell-free translation of major viral structural proteins. It was, however, our experience that the protein profile obtained from a cell-free translation of mRNA hybrid-selected by the 2.65 kb subgenomic DNA fragment (which contained at least one copy of LTR) consisted not only of major virus-specific proteins but also of other proteins, resulting in a heavy background. This was contrasted with the distinct bands of virus-specific major structural proteins obtained in a cell-free translation of mRNA hybrid-selected by total genomic virus DNA.
DISCUSSION
We have described the molecular cloning of the proviral DNA of a rat C-type helper virus, RHHV, and have presented a detailed restriction enzyme map. Out of over 5750 clones examined, only two clones demonstrated successful recombination of the RHHV 8.8 kb DNA in toto. Furthermore, the protein profile obtained from a cell-free translation of the RHHV mRNA selected by hybridization to the cloned DNA substantiated that the genetic information coding for major rat C-type retrovirus-specific proteins was faithfully conserved in the cloned DNA sequence.
Biological activity of the cloned RHHV 8.8 kb DNA, as a whole or as subgenomic fragments, was also examined by microinjection into the nuclei of normal rat kidney (NRK) cells. Release of the rat helper leukaemia virus was observed in NRK cells microinjected with the circular form of the cloned RHHV DNA as demonstrated by superinfection experiments. Linearized 8.8 kb and 5.8 to 6.2 kb prepared from the cloned RHHV DNA, when microinjected into NRK nuclei, were able either to complement or to recombine with the v-src or c-src DNA sequence in genome rescue experiments upon co-cultivation with Kirsten-transformed non-producer cells (K-NRK) resulting in the production of a pseudotype transforming virus. In all cases progeny viruses released as well as the transformed cells were successfully cloned and propagated for further study. This substantiates the fact that the cloned RHHV DNA has not been modified in any major way when compared with the original rat C-type helper virus DNA.
Having determined the orientation of the 3' end of the cloned RHHV 8-8 kb DNA by hybridization to the 3' end-specific poly(A+)-mRNA, sequential restriction analysis was carried out. A summary restriction map of the whole 8.8 kb RHHV genomic DNA is presented in Fig. 7 . A total of 14 restriction endonucleases were tested and EcoRI, BamHI, PstI, KpnI, TaqI, PvulI and SmaI gave consistent cleavage patterns. These proved to be instrumental in deducing the restriction map of RHHV DNA.
Particular interest was focused on the existence of LTR sequences within the 8.8 kb DNA. We found that sequences of 600 to 800 nucleotides, flanked by TaqI, PvulI and PstI restriction endonuclease sites at both 3' and 5' termini, lent themselves as the most plausible candidates for LTR. LTR sequences reported for different retrovirus species vary in length from 400 to 1500 base pairs (Hsu et al., 1978; Gilboa et al., 1979; Sutcliffe et al., 1980; Hishinuma et al., 1981) . In the avian sarcoma viruses, such as RSV in which an LTR of 331 bp has been well analysed, a structure composed of 3' and 5' specific unique sequences flanking a repeating polynucleotide sequence was proposed (Hughes et al., t981) . In the murine leukaemia virus, LTR generally ranged from 600 to 650 nucleotides in length and varied from 1 to 3 copies per genome (Dhar et al., 1980) . In the gibbon ape leukaemia virus an LTR of 470 bp was reported (Scott et al., 1981) . In the rat C-type helper virus studied here, at least two copies of the 600 to 800 bp candidate LTR were detected on the basis of specific radioactivity in the 8.8 kb DNA. We are currently determining the nucleotide sequence of this candidate LTR to ascertain more precisely its length and characteristics.
